It has been suggested that insulin exerts a vasodilating effect, but the mechanisms involved are not completely understood. Since cyclic nucleotides mediate the vasodilation induced by endogenous substances, such as prostacyclin and nitric oxide, we aimed to investigate the influence of insulin (concentration range 240-960 pmol/1) on both cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) content in human vascular smooth muscle cells. Insulin dose-dependently increased both nucleotides (cAMP: from 0.7 + 0.1 to 2.6 _+ 0.4 pmol/106 cells, p = 0.0001; cGMP: from 1.3 + 0.2 to 3.4 + 0.7 pmol/106 cells, p = 0.033). This increase is receptor-mediated, since it was blunted when cells were preincubated with the tyrosine kinase inhibitor genistein. The effect of insulin remained significant (p = 0.0001) when preincubation with the phosphodiesterase inhibitor theophylline prevented cyclic nucleotide catabolism. The increase of cGMP was blunted when the cells were preincubated with the guanylate cyclase inhibitor methylene blue, and with the nitric oxide-synthase inhibitor N%monomethyl-L-arginine. At all the concentrations tested, insulin potentiated the increase of cAMP induced by the stable prostacyclin analogue Iloprost (p --0.0001), whereas only at 1920 pmol/1 did it potentiate the cGMP increase induced by glyceryltrinitrate (p =0.05). This study demonstrates that the vasodilating effects exerted by insulin may at least in part be attributable to an increase of both cGMP and cAMP via a receptor-mediated activation of adenylate and guanylate cyclases in human vascular smooth muscle cells and that the insulin effect on cGMP is mediated by nitric oxide. [Diabetologia (1995) 
Insulin-resistant states, such as obesity, impaired glucose tolerance and non-insulin-dependent diabetes mellitus (NIDDM), are characterised by elevated insulin concentrations and show a high prevalence of arterial hypertension [1] , suggesting that insulin could play an important role in the pathogenesis of hypertension.
This suggestion is supported by observations that insulin induces sodium reabsorption [2] , stimulates catecholamine release and activates the sympathetic nervous system [3] [4] [5] , increases renin and angiotensin II production [6] , enhances plasma endothelin-1 concentrations [7] and its release from both vascular endothelial [8] and smooth muscle cells [9] and activates the sodium hydrogen antiporter system [10] . Surprisingly, however, systemic insulin infusion in euglycaemic conditions does not acutely increase blood pressure, but rather increases blood flow [11] [12] [13] . Although the latter effect has not been confirmed with insulin infused in the local forearm circulation [5, 14] , it has been unequivocally shown that insulin does not have vasoconstricting properties per se. In experimental animals, it has been shown, using vascular ring segments, that insulin reduces the response to vasoconstrictors and increases the response to vasodilators [15, 16] . Therefore, it has been proposed that insulin exerts a vasodilating effect [17] , that is normally counterbalanced by the different actions described above (sodium reabsorption, sympathetic nervous system activation, angiotensin II and endothelin-1 release, etc.), so that in normal subjects blood pressure values remain unchanged. Only in patients with autonomic neuropathy, who lack the adrenergic response, does insulin administration cause a decrease in blood pressure [18] . Since in insulin-resistant states, such as NIDDM, the vasodilating effect of insulin is attenuated [12] , it could be supposed that a vascular resistance to the effects of insulin could play a role in the pathogenesis of arterial hypertension.
The mechanism by which insulin exerts its putative direct vasodilating effect has not been completely clarified. Some investigators have shown that insulin attenuates the increases in calcium fluxes elicited by vasoconstricting agents, such as angiotensin II and arginine vasopressin, in rat vascular smooth muscle cells [19, 20] .
In the present study, we planned to investigate the effects of insulin on cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) content in human vascular smooth muscle cells (hVSMC): these nucleotides account for the vasodilating and platelet anti-aggregating effects exerted by some physiological agents, such as prostacyclin for cAMP [21] and nitric oxide (NO) for cGMP [22] . Various effects of insulin on cyclic nucleotides have already been reported in other cell types. As far as cAMP is concerned, insulin stimulates its catabolism enhancing some phosphodiesterase activities [23] [24] [25] : as a consequence, in adipose tissue insulin decreases cAMP content and this effect accounts for its antilipolytic action [26] ; on the other hand, insulin, at physiological concentrations, increases the responses of human platelets to substances enhancing cAMP values, such as prostacyclin [27] . As far as cGMP is concerned, insulin increases its concentrations in adipocytes and hepatocytes [28] , and activates soluble guanylate cyclase in the liver [29] ; furthermore, we recently demonstrated that the insulininduced reduction of platelet aggregation [30] is attributable to: the insulin-induced increase of platelet cGMP concentrations [31] . This study investigates the effects of insulin on cAMP and cGMP in hVSMC. In particular, we aimed to establish: 937 a) whether insulin affects cAMP and cGMP content in hVSMC by a dose-dependent mechanism; b) whether this putative insulin effect is modified by inhibition of catabolic enzymes phosphodiesterases (PDE); c) whether this putative insulin effect is modified by inhibition of synthetic enzymes; d) whether this putative insulin effect is modified by inhibition of tyrosine kinase, an enzyme coupled with the insulin receptor; e) whether insulin modifies the cAMP and cGMP production induced by the vasodilating agents prostacyclin and nitrates; f) whether the putative insulin effect on cGMP is due to an insulin-induced stimulation of NO formation. [32] containing bovine serum albumin (BSA) ((in mmol/1) 144 NaC1, 2.7 KC1, 11.9 NaHCO3, 0.4 NaH2PO 4 and 0.04 bovine serum albumin, pH 7.4). L-NMMA, methylene blue and theophylline were dissolved in modified Tyrode's buffer without BSA. Genistein was dissolved in dimethylsulfoxide, in final concentrations that did not exceed 0.25 % (35 retool/l).
Materials and methods

Chemicals
Cell cultures. Experiments were performed on hVSMC derived from microarterioles obtained from patients undergoing abdominal surgery. The isolation and characterization procedures have been extensively described elsewhere [33] . Briefly, the cells were phenotypically characterised and checked for the presence of smooth muscle cell c~-actin and the absence of factor VIII staining with a fluorescein isothiocyanate-conjugated antibody specific for Factor VIII antigen, to exclude the presence of endothelial cells in the cell preparation. Cells were cultured using minimal essential medium (MEM) [32] supplemented with 10 % fetal calf serum, 10 mmol/1 glutamine, and antibiotics, and buffered with 10 retool/1 N-tris (hydroxymethyl) methyl-2-aminoethane-sulfonic acid (TES) and 10 retool/ 1 N-(2-hydroxyethyl) piperazine-Nl-(2-ethanesulfonic acid) (HEPES). For the experiments, cells were used between passages 5 and 8 and were cultured in 6-well plates until 70 % confluence was achieved; then the medium with serum was removed and cells were made quiescent by serum starvation and culture in MEM containing 0.1% BSA, glutamine, buffers and antibiotics (MEM/BSA). After 48-h quiescence, the medium was removed and, following three washes with Hank's solution, 2 ml fresh MEM/BSA was added to the cell layer.
Cyclic nucleotide determination. Cyclic nucleotide levels were measured after the incubation of hVSMC with different substances, as described below. At the end of each incubation period, the medium was removed from each well and 300 ~tl of absolute ethanol was added to permeabilize the cells. A complete evaporation of ethanol was obtained under shaking. Insulin increases cyclic nucleotides in hVSMC e) To verify whether the influence of insulin on hVSMC cyclic nucleotides potentiates the effects of substances able to activate adenylate or guanylate cyclases, hVSMC were incubated for 120 min with insulin and then incubated for a further 5 min with the stable prostacyclin analogue Iloprost (500 pg/ ml), or forskolin (2 ~tmol/1) or GTN (100 ~tmol/1). These experiments have been additionally performed following a 20-min preincubation of hVSMC with theophylline (500 pmol/1). In the experiments with GTN, we also incubated the cells at a supraphysiological insulin concentration of 1920 pmol/1. f) To verify whether insulin affects platelet cGMP concentrations through an effect on the hVSMC synthesis of NO, the effects of insulin on cGMP were measured after 20-min preincubation with the NO-synthase inhibitor L-NMMA (1 retool/l).
Statistical analysis
Data are expressed as mean + SEM. For every experimental series, 6-12 experiments were performed. Statistical analysis was carried out by means of analysis of variance (ANOVA) to determine the statistical significance of the dose-response effects and by the unpaired Student's t-test when only two Values had to be compared.
Cyclic nucleotides were then dissolved in 300 ~tl acetate buffer and kept at -70~ until the assays, cAMP and cGMP were measured by radioimmunoassay (RIA) kits (Diagnostic Products Corporation, Los Angeles, Calif., USA and Advanced Magnetics Inc., Cambridge, Mass., USA, respectively). As far as cAMP is concerned, the sensitivity of the assay is less than 0.01 pmol/0.1 ml, the cross-reactivity with the nucleotides is 100 % for cAMR less than 1% for cGMR less than 0.001% for AMP, GDR ATR GTR intra-assay coefficient of variation 4.8 %. For the cGMP assay (acetylated method) the sensitivity is less than 0.3 fmol/0.1 ml, the specificity is 100 % for cGMR less than 0.6 % for cAMR less than 0.001% for GMP, GDR ATP and GTR intra-assay coefficient of variation 5.3 %.
Study design
a) To determine dose-dependent effects of insulin on cyclic nucleotides, hVSMC were incubated at 37 ~ for 120 min, in the presence of 0, 240, 480, and 960 pmol/1 human recombinant insulin: these concentrations commonly occur in the postprandial period both in healthy (240-480 pmol/1) and in insulin-resistant subjects (240-960 pmol/1) and are commonly measured during the oral glucose tolerance test [9] . b) To determine whether the influence of insulin on cyclic nucleotide levels involves PDE, hVSMC were preincubated for 20min with the unselective PDE inhibitor theophylline (500 ~tmol/1) before addition of insulin. c) To investigate whether insulin elevates cGMP levels via guanylate cyclase activation, hVSMC were preincubated for 20 min with the guanylate cyclase inhibitor methylene blue (50 ~tmol/1) before addition of insulin. er than in cells exposed to Iloprost alone (1.5 + 0.2 vs 1.0 + 0.06 pmol/106 cells, p = 0.05). A potentiation of the effect of Iloprost on hVSMC cAMP content by insulin was also observed in the presence of theophylline: this phenomenon was highly significant from the insulin concentration of 240pmol/1 (p =0.0001) (Fig.3) .
The effect of forskolin on cAMP value was also enhanced by insulin, cAMP values in the presence of forskolin + 240 pmol/1 insulin being significantly higher than values with forskolin alone (1.7 +_ 0.1 vs 1.3 + 0.1 pmol/106 cells, p = 0.018).
The stimulation of guanylate cyclase activity by GTN caused a significant increase of cGMP values (p = 0.008). Insulin potentiated the GTN-induced enhancement of cGMP only at the 1920 pmol/1 concentration, both in the absence (2.2+0.18 vs 2. 
Discussion
This study demonstrates that insulin induces, at physiological concentrations, a dose-dependent increase of hVSMC content of both cAMP and cGMR wellknown intracellular mediators of vasodilation. These results are in agreement with a recent study carried out with platelets, in which we demonstrated that insulin causes a dose-dependent increase of cGMR accounting for the anti-aggregating effect of the hormone [31] .
In order to clarify the mechanisms involved in the insulin-induced changes of cyclic nucleotides in hVSMC, we investigated the action of insulin on their synthesis and catabolism.
The experiments carried out with theophylline clearly indicate that inhibition of catabolism does not impair the insulin-induced increase of cyclic nucleotides, suggesting an insulin-mediated increase of their synthesis. Obviously, since theophylline prevents both cAMP and cGMP breakdown, adenylate and guanylate cyclase activity is amplified, with a consequent increase in cyclic nucleotide concentrations.
The inability of insulin to elevate cGMP in the presence of the guanylate cyclase inhibitor methylene blue shows that insulin stimulates this enzyme activity in hVSMC. It is known that VSMC have a NOsynthase activity [34, 35] . The selective NO-synthase inhibitor L-NMMA strongly inhibited the insulin-induced increase of cGMR This fact demonstrates for the first time that insulin activates the NO-synthase in hVSMC, inducing the production of NO that increases cGMP by stimulating guanylate cyclase.
As far as cAMP is concerned, our results invite speculation, even if we did not perform direct enzyme measurements: actually, since at the concentration of 240 pmol/1 the insulin-induced increase of cAMP is greater in the presence (about 65 %) than in the absence of PDE inhibition by theophylline (about 20 %), it can be assumed that also in hVSMC -as in other cell types [23] [24] [25] -insulin stimulates cAMP catabolism and that this action of insulin is overcome at higher insulin concentrations by the prevailing effects on cAMP synthesis. A different balance between the insulin influence on cAMP synthesis and catabolism could account for the fact that in different cells insulin exerts different effects on cAMP content: for instance, the insulin-induced decrease of cAMP in adipose tissue [26] .
The lack of any insulin-induced increase of cyclic nucleotides when hVSMC are exposed to genistein, a tyrosine kinase inhibitor, demonstrates that this el-M. Trovati et al.: Insulin increases cyclic nucleotides in hVSMC fect is mediated via receptor tyrosine kinase activation, as we recently described for the insulin-induced cGMP increase in platelets [31] . Since tyrosine kinase is mainly coupled to receptors for growth factors [36] , among them insulin-like growth factor-i, our study was not able to exclude a possible effect of insulin also through insulin-like growth factor-1 receptors.
Concerning the ability of insulin to influence the action of well-known vasodilating agents in hVSMC, we demonstrated that, at all the concentrations tested, insulin increases the effects of the stable prostacyclin analogue Iloprost on cAMP content. This insulin effect is amplified when PDE are inhibited by theophylline, indicating that the potentiation occurs at the level of adenylate cyclase activation. It is noteworthy that in this study we used threshold concentrations of Iloprost, in order to avoid a pharmacologic effect of the agent.
The ability of insulin to enhance the cAMP increase induced by forskolin, that directly activates adenylate cyclase with a receptor-independent mechanism [37] , demonstrates that the potentiating effect is not specific for prostacyclin, that acts after a specific binding to the cells, but is extended to other substances able to increase cAMP synthesis.
The insulin-induced potentiation of substances able to increase cGMP in hVSMC does not have physiological relevance, since insulin enhances the effect of GTN only at very high, non-physiological concentrations. This observation is in agreement with the fact that insulin does not increase the vasodilation induced by sodium nitroprusside in rat aortic ring segments [36] .
In conclusion, the results of this study show that, in the complex, multifactorial insulin-induced modulation of vascular tone, insulin is able not only to potentiate the action of endothelium-derived substances, such as prostacyclin, but also to increase the hVSMC content of both cAMP and cGMP, wellknown mediators of vasodilation and that the insulin-induced cGMP increase in hVSMC is due to NO formation.
As already mentioned, recent studies carried out in vivo in humans claim that in insulin-resistant states the vasodilating effects of insulin are reduced [12] . We recently described the same phenomenon for the platelet anti-aggregating effect [38] . Since some actions of insulin are similar to those of vasodilating substances (i. e., the increase of cyclic nucleotide content), our results invite speculation that insulin-resistant conditions could exibit a reduced insulin-induced vasodilation because insulin resistance also occurs at the level of hVSMC. In this light, a "vascular" insulin resistance may play a role in the pathogenesis of arterial hypertension. Obviously, further studies are needed to verify whether this hypothesis is correct.
